In the same way that cry genes, coding for larvicidal delta endotoxins, constitute a large and diverse gene family, the cyt genes for hemolytic toxins seem to compose another set of highly related genes in Bacillus thuringiensis. Although the occurrence of Cyt hemolytic factors in B. thuringiensis has been typically associated with mosquitocidal strains, we have recently shown that cyt genes are also present in strains with different pathotypes; this is the case for the morrisoni subspecies, which includes strains biologically active against dipteran, lepidopteran, and coleopteran larvae. In addition, while one Cyt type of protein has been described in all of the mosquitocidal strains studied so far, the present study confirms that at least two Cyt toxins coexist in the more toxic antidipteran strains, such as B. thuringiensis subsp. israelensis and subsp. morrisoni PG14, and that this could also be the case for many others. In fact, PCR screening and Western blot analysis of 50 B. thuringiensis strains revealed that cyt2-related genes are present in all strains with known antidipteran activity, as well as in some others with different or unknown host ranges. Partial DNA sequences for several of these genes were determined, and protein sequence alignments revealed a high degree of conservation of the structural domains. These findings point to an important biological role for Cyt toxins in the final in vivo toxic activity of many B. thuringiensis strains.
Bacillus thuringiensis constitutes a large family of strains found in different habitats (2, 6) and highly specialized as insect pathogens. The main insecticidal factors displayed by these bacilli are the parasporal crystalline inclusions synthesized during the sporulation process (1) . Other insecticidal factors also contribute to the final biological effects: vegetative insecticidal proteins, proteases, chitinases, exotoxins, and lipases have all been described (17, 30) .
The delta endotoxins known so far fall into two categories, Cry and Cyt, that do not share significant sequence homology, although both types of toxins seem to work through pore formation that leads to cell lysis and irreversible damage of the insect midgut (24, 25, 26) . While Cry toxins act via specific receptor recognition and binding (20) , no specific receptors have been described for Cyt toxins, although they show specificity of action in vivo (13, 27) .
More than 100 genes coding for Cry proteins have been isolated to date; they constitute a biodiverse family with different insect and noninsect targets including nematodes and protozoans (8, 19, 37) . Antidipteran B. thuringiensis strains commonly feature the presence of Cyt proteins with cytolytic and hemolytic activities. Cyt1Aa, according to the new nomenclature (8) , is a major component of the toxic crystal of B. thuringiensis subsp. israelensis (16) and was the first cytolytic toxin to be isolated and thoroughly characterized (4). Since then, others have been detected in different antidipteran B. thuringiensis strains: some related to Cyt1, like the one reported for the medellin subspecies (38) , and some that have been classified into other groups based on immunological criteria (34, 44) .
We have recently detected the presence of a second cyt gene in B. thuringiensis subsp. israelensis, named cyt2Ba1, which is functional and expresses a 27-to 28-kDa polypeptide (21); its predicted protein product is 67% similar to Cyt2Aa1, the 29-kDa cytolytic toxin from B. thuringiensis subsp. kyushuensis (28) .
According to these results, the B. thuringiensis subsp. israelensis crystal would comprise three types of Cry toxins (Cry4A, Cry4B, and Cry11A), two types of Cyt toxins (Cyt1A and Cyt2B), and other components yet to be defined, all working altogether to give the final biological activity (12) .
PCR amplification and Southern blot analysis confirmed the presence of homologues of cyt2Ba from B. thuringiensis subsp. israelensis in other mosquitocidal strains and, interestingly, also in the anticoleopteran subspecies morrisoni serovar Tenebrionis and others belonging to the morrisoni subspecies.
We report a broader screening for cyt2 genes and Cyt2-related proteins. Partial DNA sequences corresponding to the central portions of the predicted protein products were determined for several of these genes and aligned with other known Cyt toxins.
The positive correlation found between the coexistence of Cyt1-Cyt2 proteins and high mosquitocidal activity, in addition to the high conservation found among the sequences determined so far, point to an important biological role for Cyt proteins in the overall toxicity of the crystals. There is growing evidence that Cyt and Cry proteins interact in specific, synergistic combinations in the insect gut to exert their final biological effects (7, 33, 42) . Our results indicate that cyt genes coding for hemolytic toxins are widely distributed among a range of B. thuringiensis subspecies and constitute another family of highly related genes.
MATERIALS AND METHODS
Strains, plasmids, and media. The B. thuringiensis strains used in this work are listed in Tables 1 and 2 . Escherichia coli DH5␣ (D. Hanahan) was used for plasmid propagation (22 (36) and grown in Luria-Bertani medium (32) for DNA isolation. Liquid cultures were grown with aeration (shaking) at 37°C (E. coli) or 30°C (B. thuringiensis). Ampicillin was added to autoclaved media at 100 g/ml.
DNA manipulations. Restriction enzymes and T4 DNA ligase (Gibco-BRL) were used as recommended by the manufacturers. DNA fragments were purified from gels with a Gene Clean kit (Bio 101). Plasmids from E. coli were prepared as described by Birnboim and Doly (3). Plasmid DNA was isolated from B. thuringiensis strains as described previously (5) and further purified by using Qiagen columns (Diagen GmbH; Qiagen, Inc.).
DNA sequencing. cyt2B-like genes were amplified by using the upper and lower primers described below. PCR products were cloned into pGEM-T Easy Vector (Promega) and sequenced.
PCR reaction conditions. A total of 20 to 50 ng of purified plasmid DNA was added to the PCR mixtures (2.2 mM concentrations of deoxynucleoside triphosphates, 2 mM MgCl 2 , 0.5 U of Taq polymerase [Promega] , and 100 ng of PCR primers) in a final volume of 50 l. The oligonucleotide primers were as follows: upper, 5Ј-AATACATTTCAAGGAGCTA-3Ј, and lower, 5Ј-TTTCATTTTAAC TTCATATC-3Ј. Amplification was performed in a thermal cycler (M. J. Research Minicycler PTC100) by using a single denaturation step (3 min at 94°C), followed by a 35-cycle program, with each cycle consisting of the following: denaturation at 94°C for 45 s, annealing at 45°C for 45 s, and extension at 72°C for 1 min. A final extension step (72°C for 5 min) was also included. Next, 20-l samples from each PCR reaction were electrophoresed on 1.5% agarose gels in 0.5ϫ Tris-borate-EDTA buffer at 100 V for 30 to 35 min and stained with ethidium bromide.
Computer analysis. DNA sequences were analyzed with the National Center for Biotechnology Information's BLAST WWW server and with the MegAlign program (Macintosh, v3.03; DNASTAR, Inc.). Protein analysis. B. thuringiensis strains were grown in Schaeffer's liquid sporulation medium (36) until lysis. Spore-crystal mixtures from 10-ml samples were harvested by centrifugation at 12,000 ϫ g and then washed once in 1 M NaCl-2 mM phenylmethylsulfonyl fluoride-10 mM EDTA. Pellets were resuspended in sample buffer (32) supplemented with phenylmethylsulfonyl fluoride and EDTA as described earlier, boiled for 10 min, and subjected to sodium dodecyl sulfate (SDS)-15% polyacrylamide gel electrophoresis (PAGE). Protein concentrations were determined by the Bradford assay (Bio-Rad) on samples solubilized as previously described (10) . Proteins were electrotransferred to nitrocellulose membranes and detected immunologically by the following method: the membrane was treated with 3% low-fat milk in a 1ϫ Tris-buffered saline (TBS) solution at room temperature with gentle shaking for 1 h. Incubations with anti-Cyt2Aa1 (kindly provided by David Ellar, University of Cambridge) or anti-Cyt2Ba recombinant protein from B. thuringiensis subsp. israelensis were performed at room temperature for 1 h and then overnight at 4°C. Anti-Cyt2Aa1 was used at a 1:500 dilution, and anti-Cyt2Ba was added at a 1:1,000 dilution in a solution containing 3% low-fat milk.
Membranes were washed with gentle shaking at room temperature with three changes of 1ϫ TBS for 10 min before being incubated with the secondary antibody with gentle shaking for 1 h. The Gibco-BRL detection system (biotinylated second antibody, streptavidin-alkaline phosphatase, and nitroblue tetra- zolium-5-bromo-4-chloro-3-indolylphosphate toluidinium) was used as recommended by the manufacturer. Secondary antibody bound to the filter was visualized after three washes in 1ϫ TBS for 5 min, one wash with NP-40 at 0.05%, and then one final wash in 1ϫ TBS for 5 min.
RESULTS

PCR analysis.
A pair of oligonucleotide primers was designed from two highly conserved regions shared by the cyt2 genes from B. thuringiensis subsp. israelensis and B. thuringiensis subsp. kyushuensis (21) . This primer set was used in PCR amplification experiments in order to search for the presence of this gene in a wider range of B. thuringiensis strains. As shown in Table 1 , amplification products of the expected size (469 bp) were observed in all of the strains with known antidipteran activities. Other strains showing this fragment were either nonmosquitocidal (i.e., B. thuringiensis subsp. morrisoni serovar Tenebrionis and strain HD518) or have been described to have both antidipteran and antilepidopteran activities (HD12). Finally, the PCR-positive B. thuringiensis subsp. andalousiensis and subsp. ostriniae have not yet been fully characterized regarding their host ranges.
On the other hand, the PCR-negative group shown in Table  2 is composed mostly of nonmosquitocidal strains and the strain B. thuringiensis subsp. fukuokaensis T03C001 which, interestingly, was also found to be negative for IS240 by hybridization standards.
These findings suggest that the known correlation between a mosquitocidal pathotype and the presence of cyt genes may be particularly strong for cyt2-related genes. The morrisoni subspecies seems to be a special case, since all of the strains belonging to this group show cyt2 genes, although not all are known to display mosquitocidal activities.
Sequence alignments. PCR amplification products from most of the positive strains were cloned and sequenced. DNA sequence comparisons made with the BLASTN and MegAlign programs revealed a high degree of homology (Ͼ90%). Interestingly, this high homology was also observed in the nonmosquitocidal strains B. thuringiensis subsp. morrisoni serovar Tenebrionis and HD518.
Sequence alignments of the central portions of the predicted protein products (154 amino acids from residues 62 to 216) representing 58% of the whole proteins, confirmed as shown in Fig. 1 , that predicted ␣ helices and ␤ sheets are highly conserved throughout the different gene versions compared to the previously described Cyt2 toxins (see Discussion).
Expression of cyt2B-related genes. Western blot experiments were performed on spore-crystal extracts from cyt2-positive and some negative strains. Three groups could be defined according to their immunoreactivity with an antiserum raised against the B. thuringiensis subsp. israelensis Cyt2Ba1 recombinant protein (see Materials and Methods) (Fig. 2) morrisoni PG14 and B. thuringiensis subsp. morrisoni HD518, which showed both bands with similar intensities.
Aggregation of these polypeptides might account for the higher bands observed in some cases, since this has also been observed upon SDS-PAGE of cloned Cyt proteins (A. Deléc-luse, unpublished results). Therefore, the bands of a similar size observed for B. thuringiensis subsp. kurstaki (negative for cyt2-related genes) could be attributable to nonspecific binding. When less protein was loaded into the gels, these higher bands were less intense, except for the group 3 strains.
This expression study was also performed with an antiCyt2Aa from B. thuringiensis subsp. kyushuensis antiserum (27) . As shown in Fig. 3 Tenebrionis and strains HD12 and HD518. In this experiment, the 33-kDa band was also observed in some strain samples, but with less intensity.
In general terms, all strains showed Cyt2B-related polypeptides that cross-reacted with both antisera. However, B. thuringiensis subspp. medellin and malayensis did not show reactive bands.
Only a faintly reactive 27-kDa band was observed in the B. thuringiensis subsp. malayensis extract when it was revealed with the anti-Cyt2Aa antibody from subsp. kyushuensis for an extended period of time, suggesting that this variant may be closer to Cyt2Aa than to Cyt2Ba (data not shown).
DISCUSSION
Fifty B. thuringiensis strains belonging to various serotypes and host ranges were screened for the presence of cyt2-related genes using PCR amplification. This analysis revealed a wide distribution for these genes coding for cytolytic factors, especially but not only, among strains that display antidipteran activities.
The presence of a cytolytic factor has been always associated with the antidipteran host ranges. In fact, Cyt1 toxins are the first ones described in the most active B. thuringiensis subspecies, israelensis and morrisoni PG14 (15) . Although the exact role of these factors in the final biological activity of the crystals has not been fully defined (7, 10, 23) it is clear that they are able to synergize with some Cry toxins (33, 43) . It has been recently shown that Cyt1 can lower resistance to Cry toxins in a number of target insects, as well as enhance the activity of B. sphaericus strains (40, 41) . Positive interactions have been observed for Cry4-Cyt1 combinations (42, 43) , whereas antagonistic effects were found with the Cry1Ac-Cyt1Aa combination (9) . Also, sensitivity to Cyt1 was reported in Cry3-resistant B. thuringiensis subsp. morrisoni serovar Tenebrionis (18) . This could be consistent with the fact that while cyt genes have been found to naturally occur in cry3-and cry4-bearing strains, it has not been detected in strains displaying exclusively antilepidopteran activities due to Cry1 toxins (reference 21 and this work).
The presence of insertion sequences in B. thuringiensis is very broad (see reference 31 for a review), and many of them are structurally associated with cry genes (37 insertion sequences have invariably been found in antidipteran strains, IS240-related sequences have been found to occur in a wide range of B. thuringiensis strains (35) . These sequences have been found in the 5Ј region of the cyt1Ab1 gene from B. thuringiensis subsp. medellin (38) and upstream of the cry11B gene from B. thuringiensis subsp. jegathesan (11) . Similar observations were made for a plasmid in B. thuringiensis subsp. fukuokaensis (14) .
The strong correlation observed between the presence of cyt2 genes, IS240 sequences, and antidipteran activity in the best-studied mosquitocidal strains (Tables 1 and 2 ) could reflect structural associations that might have promoted cyt dispersion among them. Therefore, the presence of cyt2-related genes could be considered a strong indicator of antidipteran host range, even when these genes may be present in other pathotypes as well.
The application of primers based on both cyt2 and IS240 sequences to PCR screening programs could help in the detection of new antidipteran strains with high predictability. According to this approach, B. thuringiensis subsp. ostriniae and subsp. andalousiensis should prove to be dipteran active once their biological activities are characterized. Figure 4 integrates the cyt2 gene family into the Cyt branch of the B. thuringiensis toxin dendrogram (8) . Although this tree has been constructed based on partial sequences for many cyt2 genes and therefore may change once the full sequences are determined, it reflects the high degree of relatedness of the Cyt family of proteins. In fact, analysis of the predicted amino acid sequences shows that the different Cyt2 versions show a high degree of conservation in ␣-helices and ␤-sheets known to be involved in the formation of the lytic pore and in the structural integrity of the toxin molecule. The conservation of specific motifs (highlighted in Fig. 1 , in the loops between ␣ and ␤ domains) that have been associated with cytolytic activity, interaction with the insect gut membrane, or pore formation indicate an important biological role for these toxins (29, 39) .
Further work on the biological activity of isolated Cyt2 toxins alone and in combination with other Cyt and Cry toxins, as well as the construction of cyt2 Ϫ mutants, is under way and will help in our understanding of the mechanisms operating in the toxicity of the native crystals. This knowledge may have great impact on the application of toxin combinations to insect resistance management programs.
